ABSTRACT: Vitamin D plays a significant role in musculoskeletal health by regulating calcium, phosphate, and promoting new bone mineralization. The purpose of this study was to understand the effect of dietary vitamin D on general bone health during perioperative bone healing via an in vivo dosing study of vitamin D in a rat posterolateral fusion model using autograft. Vitamin The role of Vitamin D in musculoskeletal health has been appreciated even prior to its description as "vitamin D." Dr. D. Scheutte, a German physician, prescribed cod liver oil as a treatment for rickets as early as 1824.
The role of Vitamin D in musculoskeletal health has been appreciated even prior to its description as "vitamin D." Dr. D. Scheutte, a German physician, prescribed cod liver oil as a treatment for rickets as early as 1824. 1 Vitamin D plays a significant role in musculoskeletal health by regulating calcium, phosphate, and promoting new bone mineralization. 2 Adequate levels are needed to support a variety of tissues and prevent sequelae of deficiency. 3 Vitamin D deficiency leads to osteomalacia, resulting in demineralized, weakened bone tissue with increased osteoclastic activity. 4 In adults this presents as bone pain, proximal muscle weakness, and insufficiency fractures. 5, 6 It was the study of rickets that initially led to the discovery of vitamin D. 5, 7, 8 The work of authors such as McCollum and Mellanby demonstrated the existence of a "factor" in whole milk and cod liver oil that prevented the development of rickets in dogs. 9, 10 Chick et al. later demonstrated rickets in children could be cured by the same "factor." 11, 12 Vitamin D has been extensively studied for its role in overall bone health. [13] [14] [15] [16] [17] [18] Studies suggest supplementation may reduce fracture risk by 18-20%, although widespread use for the prevention of osteoporosis has not proven effective. 14, 19 A randomized clinical trial reported an increase in local bone mineral density in osteoporotic proximal humerus fractures with supplementation of both calcium and vitamin D. 13 Animal studies have demonstrated accumulation of vitamin D within the fracture callus. 20 , 21 Fu et al. 22 reported an increase in bone volume with administration of vitamin D in a rat model. Likewise, Andreen et al. 23 demonstrated an increase in callus turnover. However, these studies were confounded by either concomitant animal ovariectomies or manipulation of dietary calcium. No animal studies have isolated the effect of vitamin D on general bone health during a period of bone healing in metabolically unaltered rats.
The purpose of this study was to understand the effect of dietary vitamin D on general bone health during peri-operative bone healing via an in vivo dosing study of vitamin D in a rat posterolateral fusion model using autograft. The effect of vitamin D on healing in a spinal fusion model was previously investigated by our group. 24 Briefly, we assessed fusion quality in a rat model using biomechanical testing, imaging, and palpation metrics, and found a significant increase in the rate of fusion and bone quality of the fusion mass with increased supplementation of vitamin D. Femurs were also collected at sacrifice and used to assess general bone health, which is the focus of this present study. General bone health during spinal fusion is of interest because it represents a greater burden of bone healing than a single long bone osteotomy. 25 To date, studies analyzing the effect of vitamin D on bone healing during spinal fusion are limited to clinical case series.
testing, micro CT analysis, and bone ashing. This study is unique as dietary calcium was not a confounding variable, no rats were ovariectomized, and spinal fusion, not long bone osteotomy, was used to model bone healing.
METHODS

Experimental Design
Sprague Dawley rats (Charles River Laboratories, Inc., Reno, NV) were received at 12 weeks of age. After 4 weeks of dietary Vitamin D manipulation, rats underwent posterolateral inter-transverse process spinal fusion surgery with autogenous tail grafting; spinal fusion methods, results, and analysis were previously reported. 24 Twelve weeks after surgery (16 weeks of dietary manipulation) rats were sacrificed and both femora were harvested and assessed using micro CT, biomechanics, and bone ashing. For this investigation, femora data are presented and compared to the previously determined spinal fusion outcome measures. 24 This study was approved by the Institutional Animal Care and Use Committee (IACUC, Protocol No. 003802). Water and food were given ad libitum. Dietary manipulations were given and maintained for 16 weeks until sacrifice. The rats were housed in a vivarium with no exposure to ultraviolet light. Plasma was collected at 4 weeks after the initiation of dietary manipulations and immediately after sacrifice. Serum 25(OH)D levels were determined via radioimmunoassay.
Diet Manipulation and Serum Evaluation
MicroCT Analysis
Ex vivo microcomputed tomography, microCT, (VivaCT 40, SCANCO Medical AG, Bruttisellen, Switzerland) was conducted on a trans-axial 3.5 mm segment of the femoral midshaft. To maintain consistency in alignment, digital calipers with AE0.01 mm accuracy were used to measure the center between the greater trochanter to the intercondylar notch of each femur. The scanner was set at 55 kVp and 145 mA with an integration time of 200 s, creating approximately 100 slices with a voxel size of 35 mm. Scanco evaluation software was used to quantify average architectural parameters including: cortical thickness, moment of inertia (anteroposterior), cross-sectional area, bone volume, total volume, bone volume fraction (BV/TV), and mean density across the mid-shaft.
Biomechanical Testing
Three-point flexural bending was performed to determine strength and stiffness of the right femur for each specimen (Fig. 1) . Once cleaned of all soft-tissue, the femur was mounted onto a servo-hydraulic actuator (MTS Bionix 370.02, MTS Corp., Eden Prairie, MN) equipped with a mini load cell (MINI45 Transducer, API Corp., Apex, NC) and a three-point bending apparatus. The posterior side of the femur rested on two 5 mm diameter steel roller contact points spanning 20 mm. The actuator loaded the mid-shaft of the femur until failure using displacement control at a rate of 3 mm/min to approximate quasi-static conditions. Stiffness of the femur was calculated as the slope within the elastic region of the measured load-displacement curves while the strength was measured as the maximum load applied before failure. Young's modulus (E) was calculated using the beam bending equation:
, where P is the applied load, S is the deflection, L is the length of the femur, and I is the moment of inertia.
Bone Ashing
Bone ashing was performed to determine bone mineral content. Porcelain crucibles were initially cleaned and dried in a muffle furnace (Lindberg/Blue M 1,100˚C Box Furnace, Thermo Fisher Scientific Inc., MA) at 700˚C for 24 h to eliminate any residue or moisture. Afterwards, bilateral rat femurs were dried in the muffle furnace at 105˚C for 12 h. After measuring dry weight, bone volume was measured using the water displacement technique. Each femur was then placed into a porcelain crucible and ashed in the muffle furnace at 650˚C for 24 h. Ash weight was determined and ash fraction was calculated as the ash weight divided by the dry weight. Ash density was calculated as the ash weight divided by the dry bone volume. 
Statistical Analysis
RESULTS
Vitamin D Status
Pre-surgical and sacrifice levels of serum plasma 25 (OH)D were found to be positively related with levels of vitamin D adjusted chow (p < 0.0001), validating the dietary manipulation yielded corresponding serum values, Table 1 . Average serum vitamin D levels were significantly decreased by sacrifice compared to pre-surgery levels across all vitamin D groups (F ¼ 22.08, p < 0001) Table 1, Figure 2 . No relationship existed between rat weight and vitamin D. Likewise, ex vivo femur length showed no relationship to serum or dietary vitamin D, Table 2 . Femur length was correlated to rat weight both at initial observation prior to dietary intervention (r ¼ 0.29, p < 0.05) and at day of surgery just prior to surgery (r ¼ 0.33, p < 0.05).
Femur Micro CT Micro CT measures across dietary vitamin D groups are presented in Table 2 and Figure 2 , with correlations presented in Table 3 . Average femur cross sectional area (p < 0.01) and moment of inertia (p < 0.05) were significantly greater in the highest dietary vitamin D group. This pattern was also found for cortical thickness yet was not significant (p ¼ 0. 
Femur Biomechanical Testing
Vitamin D, dietary, and serum, was significantly correlated to both femur stiffness (r ¼ 0.45, p < 0.01) and femur strength (max load, r ¼ 0.49, p < 0.001) and were intra-correlated (max load, r ¼ 0.75, p < 0.0001), Table 3 . Twenty-one percent of variability in femur stiffness was explained by vitamin D. In addition, femur stiffness and maximum load were both positively significantly related to femur dry weight as determined by bone ashing (both, r ¼ 0.58, p < 0.0001). Cells correspond to correlation coefficients, r-values (range from À1 to þ1), indicating degree of association. The more extreme the value, the more associated the variables. Corresponding p-values for these data are regarded as: R ! 0.6 | r À0.6, p < 0.0001, "strong association"; r ! 0.48 | r À0.48, p < 0.001, "moderate"; r ! 0.33 | r À0.33, p < 0.01, "weak"; r ! 0. Table 4 . 28 Spine Bone Mineral Density (sBMD) as determined by micro CT was not related to fBMD (p ¼ 0.16), although it was related to both femur ash fraction (r ¼ 0.43, p < 0.01) and ash density (r ¼ 0.37, p < 0.05).
Dietary vitamin D was more highly related to femur stiffness (r ¼ 0.45, p < 0.01) than to stiffness of fused spine segments (r ¼ 0.33, p ¼ 0.08) and fusion consolidation (fused vs. not fused) (r ¼ 0.25, p < 0.08). Spinal stiffness did not correlate to femur stiffness but showed a significant positive relationship to femur max load (r ¼ 0.49, p < 0.01), which was best modeled by a linear equation. A common variability of 24% was determined between spinal stiffness and femur strength (r ¼ 0.49, p < 0.01), while only 7% common variability was determined between spinal stiffness with femur stiffness (r ¼ 0.27, NS).
DISCUSSION
This study demonstrates that dietary vitamin D improves cortical bone health in the femur of a rat model during posterolateral spinal fusion. In particular, increasing dietary vitamin D in the peri-operative period improved femoral strength, stiffness, and density. These results demonstrate an independent effect of dietary vitamin D on bone health despite a steady dietary amount of calcium in metabolically unaltered rats; including the ability of dietary vitamin D to increase serum total calcium. These findings complement the work of Nakamura et al., 29 which demonstrated supra-physiologic vitamin D improves bone quality in rats not undergoing surgery. The results of this study are unique compared to prior studies which have focused on long bone osteotomies which have a smaller surface area of healing bone compared to a spinal fusion. 13, 22, 30 Biomechanical analysis showed an increase in both maximum load to failure and stiffness in threepoint bending with increased supplementation of vitamin D. Rats fed a hyper-D (HD) diet had an average 14% increase in maximum load to failure when compared to rats fed a deficient (DD) diet. This is likely due to changes in both the material properties and geometry of the bone. Such a conclusion is supported by studies in non-operative rats indicating that vitamin D depletion directly affects bone properties on a microscale. [31] [32] [33] In addition, Martin et al. 34 observed correlations between vitamin D and human femoral geometry, specifically increased femoral strength and cortical volume with increasing levels of vitamin D. While increased vitamin D intake improved geometric parameters of femoral strength, some of the micro CT metrics of the femur, including BV/TV and BMD, did not increase. This may be due to an algorithmic error whereby the imaging density measurement software incorrectly subtracted the volume of the femoral canal when calculating den- sity. This conclusion is supported by our bone ashing measurements where ash fraction, an adjusted measure of mineral content in the femur, was positively correlated to vitamin D. Several studies have reported trends of decreasing BV/TV and BMD with decreased intake of vitamin D, or alternatively, increasing bone density and strength as a function of reduced absorptive activity of osteoclasts with increased vitamin D. [35] [36] [37] [38] Hernandez et al. previously reported that ash fraction is a better predictor of bone strength than BV/TV.
Dietary vitamin D levels were maintained from 4 weeks prior to surgery until sacrifice. However, vitamin D serum levels dropped during fusion healing across all groups. Levels decreased by 33% (3.01 ng/ml) in DD, 25% in ID, and 31% in CD rats compared to a 13% (13.05 ng/ml) decrease in HD rats. Similar observations have been made in clinical studies. 28, 39 Ettehad et al. 28 observed a drop in serum vitamin D during healing of human tibial and femoral shaft fractures. Likewise, Alkalay et al. 39 report increased intraosseus vitamin D in pertrochanteric fractures. These findings suggest bone healing from spinal fusion or fracture results in sequestration of vitamin D at the bone healing site. The impact of the associated drop in serum vitamin D on future fracture risk or long-term bone health has not been elucidated. However, this suggests that vitamin D deficient patients suffering a fracture may experience a further decrease in serum vitamin D levels during fracture healing. It is therefore important to clarify the activity of vitamin D during spinal fusion and fracture healing to determine the role of vitamin D and potential need for administration at the time of surgery or during fracture healing.
Femoral biomechanics, cortical thickness, moment of inertia, cross-sectional area, and measures from bone ashing were all greater in the HD group versus the CD. This suggests that additional dietary vitamin D above normal levels during spinal fusion may lead to improvement in bone health. Our three-point bending and micro CT results are based on analyses of the femoral mid-shaft and therefore represent changes to cortical bone. Previous studies looking at vitamin D and other nutritional factors that include outcome measures of trabecular bone demonstrate greater differences in trabecular bone compared to cortical bone. 40, 41 Extrapolating this information to the present study suggests vitamin D might play an even larger role in cancellous bone. Nonetheless, the role of vitamin D as a clinical therapeutic in those with otherwise normal vitamin D levels who are undergoing spinal fusion has not previously been described, but is a potential avenue for future research.
Limitations of the study design include the lack of a non-surgical control group of rats, exclusive use of male rats, limited dietary vitamin D dosages at the upper nontoxic levels, limited trabecular bone data, and limited sample size. Further, since there was a limited number of rats with successful fusion, and those that were fused were more likely to be in the hyper-vitamin D group comparisons between spinal stiffness and strength to femur measures had less statistical power. The relative proximity of dosing regimens among the three lower levels of dietary vitamin D (DD, ID, and CD groups) did not demonstrate a significant difference in measures of bone quality or quantity. The use of four manipulated dietary vitamin D groups with only one exceeding a "normal" dose in rats limited our ability to characterize the relationship of bone quality and vitamin D. The use of a vitamin D dosage of 40 IU/g is well within safe limits for rat consumption. [42] [43] [44] [45] [46] However, our study was not designed to obtain safety data, and therefore future studies to demonstrate safety would need to collect biochemical, hematological and histopathological markers as previously described in studies of vitamin D toxicity. 42 The highest calcium level recorded in the HD group was 13.62 mg/dl, above published normal limits, and therefore raises concern for sequelae of hypercalcemia. 47 Human clinical evaluation would need to examine both safety and efficacy before any conclusions on clinical utility could be drawn. Further research is needed into the underlying biologic mechanisms responsible for the observed vitamin D drop at the time of spinal fusion, and dietary vitamin D's ability to improve bone health in the peri-operative spine fusion period.
When formulating the recommended daily allowance (RDA) for vitamin D the Institute of Medicine Committee reviews evidence regarding its impact on bone health, considered "desirable growth and maintenance of skeletal tissue." 48 However, the perioperative period for bone surgeries including spinal fusion has not been considered. Multiple studies report on the frequency of vitamin D deficiency in the orthopedic population.
6,49-51 Our study suggests a role for further clinical evaluation of vitamin D dietary intake during the peri-operative period, with the possibility of avoiding adverse consequences to general bone health.
